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I. II\1TRODUCTION 
Until recently the metal niobium. had such limited use 
(mainly as a relatively minor alloying element in stainless 
steels and high-temperature alloys) that only a few tons had 
been produced. Little research has been done on niobium or 
niobium-base alloys, and niobium technology now stands about 
where molybdenum technology stood ten to fifteen years ago. 
There is little information available in the unclassified 
11 terature concerning the effects of radiatior.1. on niobium 
or niobium alloys, although this metal is now being seriously 
considered for use in nuclear reactor construction. 
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II. LITERATURE REVI IlJ 
Although niobium is a newcomer to the nucl ear reactor 
field, its existence as an element has long been known. It 
was discovered by the English chemist , C. Hatchett, in 1801. 
Since it is always found in combination with oxygen (most 
commonly as Nb2o5), it was not until about 1905 that it was 
fabricated as a pure metal by Dr. W .• von Bolton (10). 
Niobium is usually found in nature accompanied by a 
closely related metal , tantalum. Deposits of these two metals 
(usually in columbite and pyrochlore ores) are found in the 
greatest quantities in Nigeria and Brazil . Although the 
United States is the world ,, s largest consumer of niobium, 
it must import most of the metal it uses . Due to its limited 
use and a large stockpile on hand, there is now no great de-
mand for the metal in this country. 
The price of the pure metal varies considerably, but 
niobium in the form of sintered rods containing about 200-300 
ppm oxygen varies in eost from $38 to $62 per pound . Niobium 
in sheet form costs about $80 per pound . 
Niobium is pres.ently used as a high- temperature alloying 
element in both stainless steels and non- ferrous alloys. 
Stainless steels have accounted for about 60% of recent con-
sumption of niobium~ Another 30% has been accounted for as 
an alloy in certain of the high-temperature alloys or super-
alloys . These alloys are mainly used in components for air-
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craft jet engines. It has been proposed that niobium be used 
as a high- temperature fuel alloy and as a fuel cladding 
material in nuclear reactors . Work concerning niobium is 
progressing in this direction. 
Some of the physical and nuclear properties of niobium 
are given in Table 1. It is seen that niobiu-7n has a high 
melting point and a r elatively low thermal-neutron-capture 
cross section. Since proposed reactor operating temperatures 
are continually increasing , such a material a s niobium will 
undoubtedly assume greater importance in the nuclear reactor 
field . Niobium-base alloy properties indicate that such al-
loys may find use in pressurized- water r eactors and in high-
temperature inert- gas-cooled or sodium- cooled r eactors . 
Current work indicates that niobium-base, enriched- uranium 
alloys might be used as fuels at 1 , 600° - 2 , 000°F in a non-
oxidizing environment. 
Many of the materials presentl y used in reactor construc-
tion are limit ed in maximum operating temper ature to about 
1, 600°F. Above this temperature refractor y metals such as 
molybdenum, tungsten, tantal um, vanadi um, or niobium must be 
considered for use. Of these metals niobium possesses the 
best combination of proper ties . Niobium is stronger at higher 
t emperatures than vanadium and tant alum and has the lowest 
thermal.-neutron-capture cross section of the gr oup. I t is 
readily formed for structural use and has a low rate of work 
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Table 1 . Properties of' unalloyed. niobiun1 
Property 
Atomic number 
Atomic weight 
I sotope, natural (100% ) 
I sotopes , artifici al 
At om.ic volume (cm3 /gm-atom) 
Lattice structure 
0 
Lattice constant at 20°C (A) 
Ther mal-neutron absorpti on cross 
section, a-a (barns)-- Nb- 93 
Thermal- neutron activation cross 
section, ~ct (barns)-- Nb-93 
Value 
1+1 
92.91 
93 
89-99 
10.83 
Body-centered 
cubic 
3. 3008 
1 . 15 + 0 . 05 
-
1 . 0 .:!:. 0. 5 
- - lfb-94 15 ! 4 
Average scatt ering cross section, 5 ± 1 
a=-. ( barns)------------- Nb- 93 s 
Density a t 15°c (gm/cm3) 8. 4 
Melting point (° F ) 4,380 
Boiling point (°F ) 9 , 260 
Thermal conductivity at 528°C 0.123 (cal/sec/cm/°C) 
Coefficient of linear thermal 1 7 .2 x 10-
6 
expansion at 0°C-60°C ( 0 c-) 
Electrical resistivity at 20°C 13~2 
(microhm-cm) 
Electrical conductivity (%IACS) 13. 3 
Transition t emperature (°K) 8 . 0~8 . 3 
Reference 
2 
2 
2 
2 
2 
2 
12 
7 
7 
7 
7 
7 
2 
2 
2 
12 
2 
2 
2 
5 
hardening. It is reasonably compatible with most uranium-
base fuel materials and is not attacked by inert gases or 
most molten metals . 
The favorable lattice spacing of niobium indicates that 
it should f orm a large number of solid-solution alloys. Its 
thermal conductivity is r easonable for us e at high t empera-
tures , but little information is available concerning the 
effects of a lloying on the thermal conductivity. Its 
el ectrical properties permit the metal to be arc- melted . 
Alloying does not greatly affect the room-temperature elec-
trical resistivity. 
Niobium readily corrodes at high temperatures in an 
oxidizing environment, so it must be used in an environment 
f ree of oxygen. It can be alloyed to increase its resist ance 
to such corrosi on, although alloying does not increase the 
oxidation resistance sufficiently to allow it to be used in 
oxidizing atmospheres . As niobium is alloyed , the ease with 
which it may be fabricated for use decreases . The room-
t emperature hardness of unalloyed niobium vari es gr eatly with 
oxygen content. The hardness increases almost linearly from 
a value of about 90 VHN for niobi um containing 0 . 05 w/o oxygen 
to approximately 380 Vlfi\T for the metal containing 0. 5 w/o 
oxygen. Niobium- bas e a lloys r et ain their room- temperature 
har dness a t high temperatures (of the order of 1,600°F) . The 
tensile strength of pure niobi um is not very high at room 
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tempera ture (as indicated by its ductility), but it retains 
what strength it has as the tempera ture increases . However, 
its strength can be increased by proper alloying. 
Although there is little unclassified information avail-
able concerning radiation effects on niobium or its alloys , 
there should be no reason to suspect that niobium will react 
any differently to radiation than does any body-centered-
c'Ubic material . 
Present indica tions are that Nb- 20 w/o U alloy is the 
best metallic fuel yet developed for highwtempera ture use . 
Tests are soon to be underway to determine the irradiation 
stability of this alloy. 
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III. OBJECT OF INVESTIGATION 
Since niobium is a promising reactor construction 
material , and since there is much to be learned about the 
metal in connection with this use, it is important to i n-
vestigate some of the properties of niobium which would apply 
to its use in a reactor. This study concerns the gamma 
radiation {both prompt and del ayed) of this metal resulting 
from exposure to neutrons (primarily thermal neutrons) . An 
extensive literature search was conducted concerning such 
radiation, and experi ments were performed to determine the 
decay curve and the delayed gamma-ray energy spectrum of a 
radioactive sampl e of this metal . 
A short survey of the gamma-ray absorption character-
istics of niobium was also conducted. This _gives some indica-
tion of the self-shielding properties of the radioactive 
metal . 
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IV. DISCUSSION OF THE PROBLEM 
A. Prompt Gamma Radiation 
All niobium occurs in nature as Nb-93 . When this metal 
is exposed to neutrons it forms Nb-94-m according to the 
relationship 
41
Nb93 + 
0
nl_ _ ______ Nb94m + r 
t1-l 
The prompt gamma ray (or rays) emitted in this reaction are 
quite energetic , ranging in energy up te a bout 7 Mev . This 
is a common occurrence when neutrons interact with atoms of 
most of the elements. This prompt gamma radiation results 
from the release of the neutron binding energy which is given 
up as the neutron combines with the atom to form a new nu-
clide. Additional energy may also be given off with an in-
crease in the energy of the interacting neutron. This study 
will be concerned only with the prompt gamma radiation re-
sult ing from the interaction of thermal neutrons with niobium 
atoms , The prompt gamma- ray energy spectrum resulting from 
interaction with thermal neutrons Will be shown and discussed 
on later pages . 
B. Delayed Gamma Radiation 
Mb-94m (T2 = 6. 6 -minutes) is a metastable form of niobium 
2 
which decays mainly by emission of gamma rays to form Nb- 94. 
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41 Nb91.i•m _ ____ ~ 41Nb94 + r 
I t may also decay directly by beta emission to form stable 
Mo-94 (about 0 .1% of the total decay) . 
The gamma ray given off in t his reaction is essentially a 
prompt gamma ray, occurring within about 1 . 9 x 10-12 second 
after the beta is emit ted . Therefore , even though about 
0 .1% of the decay of Nb-94m is by beta emission, this beta 
decay will a l so appear as gam1na radiation since it is almost 
inst antaneously accompanied by a gamma ray . 
The radiati on gi ven off by Nb-94, which decays to stable 
Mo- 94•, will be negligibl e compared to radiation from Nb-94m 
because of the long half- life (T~: 18, 000 years) and l ow 
"2 
concentration of this nucl ide. Due to neut ron irradiation 
of Nb-94 which will be present after pr evious exposure of 
the metal t o neutrons , some Nb- 95 (T½ = 35 days) will be 
formed . Thi s decays to stabl e Mo-95 according to the rela-
t ionship 
41 Nb95 _____ ------;;_42Mo 95 + - 1 e o + 'Y 
However , wi th a low amount of neutron exposure, so lit tle 
Nb- 95 will be present that gamma radiation from thi s type 
of decay wi ll a l so be negl igi ble even with the fairly high 
thermal-neutron-acti vation cross section {15 ±. l~ bar ns) for 
10 
such a reaction. (It may be of interest here to note that 
Nb-95 is a radioactive fission product of i mportance in 
chemical processing of reactor fuel.) 
Any other delayed gamma radiation coming from a radio-
aetive sample of this metal can probably be attributed to 
radioactive impurities, such as oxygen or tantalum, which 
were present in the sample. 
It is thus apparent that the main sources of delayed 
gamma radiation from any :radioactive specimen of this metal 
are the isomeric transi tio.n of :Nb-94m to Nb-94 and the beta 
decay of Nb-94m to stable Mo-94. 
The half- life and energy spectrum of the delayed gamma 
r adiation from an activated sample of niobium were determined 
experimentally. 
C. Gamma-Ray Absorption 
The published values of the gamma- ray mass absorption 
coefficient for niobium as a function of gamma- ray energy 
were compared with the values for the common shielding 
material s lead , iron, and water. These pttblished values are 
ccmpiled in Figure 1. 
Figure l . Mass absorption coefficient curves 
for niobi um1 lead, iron and water (References 7 and 12) 
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V, EXPERI MENT.AL PROCEDURES 
Experimental determinations were made of the decay of 
r adioactive niobium metal and of the gamma-ray energy spectrum 
from this decay. The metal sampl es contained approximatel y 
590 ppm tantalum and about 100-200 ppm oxygen. Other im-
purities which may have been present , such as hydrogen, 
nitrog~n, carbon, iron, and manganese, were not accounted for . 
The sample used in the r adioactive decay study weighed 
10. 0870 grams, was 118 mils thick, and was rectangular in 
shape (being almost square) . This metal sample was irradi ... 
ated in t he pnemnatic tube of the UTR-10 reactor at Iowa State 
University for 11 minutes at 10 watts power (ther mal-neutron 
flux of about 5 x 107 neutrons per cm2 per second) during the 
experimental run. At the end of this irradiation time it 
had received a total integrated flux of 228.5 watt .. minutes, 
which is low enough to make Nb-95 formation negligible. As 
quickly a s possible upon removal f rom the pneumatic tube, 
the sample was placed under a 1 inch by 1 inch NaI (Tl) 
crystal and the activity measured. The photomultiplier tube 
with attached crystal was placed in a l ead pig with lead 
brick shielding the opening in the l ead pi g to reduce back• 
ground radiation as much as possible. The sample was placed 
on an aluminum holder dir ectly under the crystal (at a 
distance of about 1 centimeter) to obtain the maximum ef-
ficiency, and thus the maximum count rate. Counting geometry 
14 
was not an important factor as long as it remained constant 
for any given run and ~as, therefore, not accurately taken 
into account . 
Activity measurements were conducted for one minute 
intervals at various times after removal from the reactor . 
The counting time was taken as being half-way through the 
counting interval . 
The sample used in the delayed gamma- ray energy spectrum 
determination weighed 14. 1337 grams , was 118 mils thick, and 
was rectangular in shape (also being almost square) . This 
sample was i rradiated only once for 10 minutes at 10 watts 
power . Therefore, the total integrated flux of this sample 
was 100 watt-minutes . Activity measurement was started on 
a 256-channel analyzer approximately 4. 5 minutes after the 
sampl e left the reactor and continued uninterrupted :for 5 
minutes . After this time of counti ng a fairly wel l -defined 
energy spectrum had appeared on the oscilloscope of the 
analyzer which was set to cover the energy range f r om O Mev 
to 1 . 5 Mev . A 3 inch by 3 inch NaI(Tl ) crystal was used as 
the detector . The sample was placed approximatel y 2 centi -
meters from the crystal wi th a thin copper beta shield placed 
between the sample and the crystal. The entire set-up was 
well shi elded with lead brick to remove as much backgr ound 
radiation as possibl e . Since the delayed gamma-ray ener gy 
spectrum, except for backscatter radi ation; will not be 
15' 
greatly affected by the counting geometry or by a low back-
ground radiation, these paramet ers were not accurately deter-
mined or taken into account . 
The 256 ... channel analyzer used in t hi s study was cali -
brated for energy determinations i mmediately after the ni -
obium. sample activity had been determined . This was done by 
using several nuclides with known gamma-ray ener gy peaks as 
calibr ati on standards. Sampl e activities of each of these 
nuclides ( I r -192, Cs-137, and Co-60) were det ermined for suf-
ficient lengths of time t o obtain well-defined gamma-ray 
energy spectra .. These energy spectra were t hen plotted with 
total eounts per channel versus gamm~-xay ener gy as channel 
ntunber (Figures 2, 3, and 4) . The ehannel number correspond-
ing to each known peak energy was then determined (Tabl.e 4, 
Appendix C) . lt~rom t hese det ermina tions a plot (Figure 5) was 
obtained with gamma- ray energy in Mev versus gamma- ray energy 
as channel number. Using this calibr a tion curve , energies 
defined in channel numbers can be readily converted to 
energies i n Mev . 
Figur e 2. Iridiunri.-192 gamma-ray energy spectrum ( uncorreeted for baekgr·ound radiation) 
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Figure 3. Cesium-137 gamma- ray energy spectrum (uncorr ected for background radiation) 
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Figure 4 . Cobalt-60 gamma-ray energy speetTU!ll (uncorrected for background radiation) 
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VI . RESULTS AND DISCUSSION 
A. Prompt Gamma Radiation 
The prompt gamma- r ay spectrum from thermal neutron 
capture in niobium contains 54 photons per 100 radiative 
captures in the 3-5 Mev energy range , 14 in the 5-7 Mev energy 
range, and 0. 4 in the 7-9 Mev energy r ange , with the highest 
gamma-ray energy observed being 7.19 Mev . The average number 
of photons per radiative capture has been determined to be 
2 . 6 (11 ). 
The prompt gamma- ray spectrum for such thermal-neutron 
capture is s een in Figure 6. The partieular curve shown is 
the corrected spectrum obt ained with a magnetic pair spec-
trometer . This corrected spectrum was obtained from an 
observed spectrum by co:t'reeting for the spectral sensitivity 
of the apparatus , for the absorption of' gamma rays in the 
specimen, and for the distance from the specimen to the radi-
ator, Nb2o5 was the material used for irradi ation purposes 
(3). 
The ordinate of this curve is given as the number of 
gamma quanta per neutron capture per unit energy r ange (1 
Mev). On the higher energy end of the curve three distinct 
peaks are seen. They are located at 7~19 .± 0. 03 Mev, 6. 85 ± 
0 . 03 Mev, and 5. 90 ± 0. 08 Mev . 
Figure 6. Prompt gamma .... ray energy spectrum fer 
niobium (Rer erence 3) 
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B. Delayed Gamma Radiation 
The experimental gamma radiation deeay curve for the 
radioactive sample of niobi um met a l is shown in Figure 7. 
The curve essentially follows a straight line for about the 
first 25 minutes of counting time. Statistical determina -
tions in the form of standard deviation were calcula ted for 
the points in the decay curve, and are shown on the decay 
curve. 
The approximate half- life of this radioactive sample 
can, therefore, be ascertained from the initial straight-line 
portion of the curve. This was graphically determined to be 
about 6.5 mi nutes {Fi gure 7) as compar ed with the published 
value of 6. 6 minutes for Nb- 94m. 
The appreciable count rate at the lower end of the 
curve can be a ttributed to longer- lived radioactive impurities 
present in the sample. The net s ctivity of these impurities 
a t a time of 100 minutes out of the reactor can be determined 
to be approximately 300 cpm, sinee at this point ess entially 
all Nb-94m would be decayed . Thi s amount of impurity radi • 
ation would not greatly affect the true value of initial 
points on the decay curve for niobium. However, there may 
have been other short-lived impurity r adi a tion which ap-
preciably altered the initial portion of the curve. This 
curve serves only to sho·w the decay of a typical metal 
sample of sheet niobium and is not meant to give an accurate 
Figure 7. Niobium decay curve ( cor r ected tor 
backgr ound radiati on) 
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val ue for the hal f - life of pure niobi um.. 
The delayed gamma- ray energy spectrum (Figure 8 ) shows 
a pr edominant energy peak at ~bout 0. 87 Mev . A 180° back-
scatter peak from the 0. 87 Mev energy peak can be seen at 
0 . 21 Mev. (Thi s curve can be read in energy units of Mev 
by referring t o Figure 5, the calibration eurve for the 256-
channel analyzer on the particular setting used.) This 
particular energy peak corre~ponds to the 0.87 Mev gamma ray 
given off in the decay by beta emissi on. It is the gamma 
ray which accompanies the beta in the decay to stable Mo-94. 
The 0. 04 Mev gamm.a ray which is supposed to comprise the 
energy of the isomeric transition was no doubt lost through 
gamma-r ay absorption in the copper beta shield and in the 
metal covering on the counting crystal . Since the gamma-
ray mass absorpti on coefficient is much less for an 0.87 Mev 
gamma. ray than for a o. 04 Mev gam.lJla ray, this would account 
for the presence of the higher energy peak and the absence 
of the lower energy peak in the gamma- ray energy spectrum 
shown .. 
A weak gamma ray of energy 0. 9 Mev has been reported for Nb-
94m (9 ). However, it did not appear in this spectrum, undoubted-
ly being obscured by the other peak at 0.87 Mev. Gamma- ray en-
ergies of 0. 705 Mev, 0. 878 Mev , and 1 . 59 Mev have been reported 
for Nb- 94 (9) . However , these peaks would not be expected to 
appear because of the long half- life and the low concentra-
Figure 8. Delayed gamm:a-ray energy spectrum for niobium (uncorrected .for background radiation) 
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tion of this nuclide. 
C. Gamma-Ray Absorption 
The gamma-ray mass absorption coefficient versus energy 
curve for niobium is shown in Figure 1. Plotted with this 
curve on the same figure are comparison values for lead,. iron, 
and water . These are assumed to be the values for a colli-
mated beam of gamma rays, 
It is seen that the values for niobium are fairly close 
to those for the other materials in the energy range 0. 5 
Mev to 5. 0 Mev . Therefore , niobium is about as effective a 
self- shield against its own gamma radiation as any one of 
the other three common gamma-ray- shielding materials shown. 
From 4 Mev to 20 Mev niobium is second only to lead i n 
shielding ability. 
VII. CONCLUSIONS 
An investigation of the literature shows that neutron-
irradiated niobium contains three distinct peaks in its 
prompt gamma-ray-energy spectrum (Figure 6). These peaks 
occur at 7.19 Mev, 6.85 Mev, arid 5.90 Mev. Further litera-
ture investigati.on :reveals that the gamma-ray mass absorption 
coefficient for niobium is approximatel y t he same as for 
lead , iron, or water in the energy range from 0.5 Mev to 
5.0 Mev (Figure 1) . 
Experimental determinations reported in this thesis show 
that the predominant delayed gamma r ay emitted by a radioactive 
sample of niobium metal has an energy of 0 . 87 Mev (Figure 
8). Lower energy gamma rays are not evident, except for 
backscatter radiation fr.om the 0.87 Mev gamma ray. The ex-
perimentally determined half-life of the activity from such 
a sample is 6. 5 minutes (Figure 7). 
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VIII. RECOMMENDATIONS FOR FURTHER STUDY 
As indicated previously , niobium is a relative newcomer 
to the nuclear reactor field . Therefore, further investiga ... 
tion of this metal must be conducted in order to determine 
its relative merits as a reactor construction material , 
notably as a reactor fuel alloy or fuel cladding material . 
Foremost should be an investigation of the r adiation effects 
on niobium or its alloys, an investigation of the irradiation 
stability o~ niobium when used as a fuel alloy with uranium, 
and an investigation of the effects of alloying on the 
thermal and electri cal properties of niobium. 
All in all , niobium shows promise of high performance 
as a high-temperature reactor construction material, and 
pr esents an interesting challenge to the engineer or scientist 
who wishes to f urther investigate its potentialities for this 
particular use. 
36 
IX. LITERATURE CITED 
1. Benedict, Manson and Pigford, Thomas H. Nucl ear 
chemical engineering. New York , N. Y., McGraw-Hill 
Book Company, Ine. 1957. 
2. DeMastry, J . A. and Dickerson, R. F. Niobium--
promising high...;.temperature reactor-core material . 
Nucleonics 18 , No. 9: 87- 90. September, 1960. 
3. Demidov, A. M. , Groshev, c. v. , Lutsenko, V. N. , and 
:Pelekhov, V. I. Atlas of Y'-ray spectra from 
radiative captur e of thermal neutrons . (Translated 
from the Russian by Sykes , J. B. ) New York, N. Y., 
Permagon Press . 1959. 
4. Fri edl ander, Gerhart and Kennedy , Joseph W. Nuclear 
and radiochemistry. New York , N. Y., John Wiley 
and Sons, Inc. 19;5. 
5. Gonser , B. W. and Sherwood, E. M. Technology of 
columbium (niobium). New York , N. Y., John Wiley 
and Sons, Inc. 1958. 
6. Hampel, Clifford A. Rare metal s handbook. New York, 
N. Y., Reinhold Publishing Corporation. 1954. 
7. Handbook of chemistry and physics . 41st edition. 
Cleveland, Ohio , Chemical Rubber Publishing Co. 
1959. 
8 . Heath, R. L. Scintillation spectrometry gamma- ray 
spectrum catalogue. Idaho Falls, Idaho, Phillips 
Petroleum Co., atcmic Energy Division. July, 1957. 
9 . Hollander, J.M., Seaborg, G. T., and Strominger, D. 
Table of isotopes. Reviews of.Modern Physics 30, 
No. 2 (Part II): 585-904. April, 1958. 
10. Miller, G. L. Tantalum and niobium. New York, N. Y., 
Academic Press , Inc. 1959. 
11. Reference data manual . Nucleonics 18, No. 11: 147-210. 
November , 1960. 
12. Stacy, J. T. Niobium and its alloys . Reactor handbook . 
Volume I. Material s . New York, N. Y., Interscience 
Publishers, Inc. 1960. 
37 
X. ACKNOltlLEDGMENTS 
The author wishes to than.l.t Dr . Glenn Murphy for his 
greatly appreciated assistance and encouragement during the 
course of this study. Appreciation is also extended to Dr . 
Adolf F. Voigt for the use of t he 256-channel analyzer, to 
Mr. Richard A. Danofsky for his assistance in the experimental 
portion of the study, and to my good friend and associate, 
Mr. Robert J'. Cash, who gave v.nselfishly of his time in the 
furtherance of this study. 
XI. APPENDIX A: IUOBIUM DECAY CURVE DATA 
Table 2 . Niobium decay curv·e data (1 minute counting inter-
val) 
Time out 
of reactor (mi nut es) 
1.5 
3.0 
4. 5 
6.0 
7. 5 
9.0 
10. 5 
12.0 
13. 5 
15.,0 
16. 5 
18. 0 
19.5 
21.0 
22 . 5 
24.o 
25.5 
27.0 
28·. 5 
30.0 
31.5 
33.0 
34. 5 
36.0 
37. 5 
39. 0 
40. 5 
42 . 0 
1+3 . 5 
45.0 
46 .5 
Corrected 
count rate 
(cpm) 
60171 .:!: 246 
51711 .:!:. 228 
t~2867 + 208 
36493 .± 192 
31313 .:!:. 178 
26253 + 162 
22375 + 150 
19065 + 139 
16020 ;f 127 
13702 .± 118 
11877 + 110 
1 0182 + 102 
8621 + 95 
7454 I as 
6181 + 80 
5304 ± 75 
4725 .:t 71 
4012 + 66 
3382 I 61 
3072 + 58 
2565 I 54 
2231 + ,o 
2063 + 49 
1788 + 46 
1486 + 42 
1330 ± 40 
1268 + 40 
1081 + 37 
1035 .± 37 
915 .:!: 35 
830 .:!.: 34 
Time out 
of r eactor 
(minutes) 
48. 0 
49. 5 
51 . 0 
52 . 5 54.o 
55. 5 
57. 0 
58. 5 
60.0 
61. 5 
69.0 
71 . 0 
76.0 
78. 0 
80. 0 
85'. 0 
87.0 
89.0 
91 .0 
94.0 
96. 0 
98. 0 
100.0 
103 . 0 
10,.0 
108. 0* 
112.0* 
116. 0* 
120. 0* 
127 . 0** 
137. 0** 
Background activity= 18483 counts per 60 minut es 
* 3 minute counting intierval. 
** 9 minute counting i nterval . 
Corrected 
count rate 
( cpm) 
754 ± 33 
688 ± 32 
611 + 30 
622 + 30 
619 + 30 
467 + 28 
lf.73 I 2s 
549 + 29 
484 + 28 
504 + 29 
421 I 27 
398 :!:. 27 
381 + 26 
394 ! 27 
354 .:!:. 26 
284 ± 25 
308 :!:. 25 
362 :!:. 26 
320 ± 25 
321 .:!.: 25 
255 .± 24 
301 .:!: 25 
327 .:!:. 25 
326 .:!:. 25 
292 .:t 25 
330 ± 15 
283 ::!: 14 
285 .:t. 14 
302 .:!.: 14 
290 .:!: 3 
286 .:!.: 3 
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XII. APPENDIX B: NI OBIUM DRLAYED GAMt-ti.A-RilY ENERGY 
SPECTRUM DATA 
Table 3. Niobium delayed gamma-ray energy spectrum data (uncorrected for background radiation) 
Channel Total Channel Total 
number counts number counts 
Eer channel 12er channel 
1 587 ± 18 39 2455 ± 50 
2 1429 :!: 38 40 2372 :!: 49 
3 -~---.,.--- ....... 41 2149 + 11-6 
4 3466 ±. a9 42 2104 + 46 
5 1675 ±. 1 43 2068 + 46 
6 2237 .t 47 44 1993 + 45 
7 2403 + 49 45 2004 + 45 
8 2115 + 46 46 1827 ± 43 
9 1194 + 35 47 1836 + 43 
10 1411 ±. 38 48 1726 + 42 
11 1746 + 42 49 1749 + 42 
12 L. - 4 50 1743 + 42 208. + 6 
13 1942 ± 44 51 1714 + 41 
14 2038 .± 45 52 1680 + 41 
15 2046 + 45 ~ 1614 + 4o 16 1874 I 43 1620 + 40 
17 2003 + 45 55 1572 + 40 
18 2043 ± 45 56 1622 I 4o 
19 2017 + 45 57 1479 + 38 
20 20~1 + 45 58 1421 + 38 
21 21 7 + 46 59 1480 + 38 
22 2043 + 45 60 1493 + 39 
~~ 2130 + 46 61 1341 I 37 201 6 + 45 62 1409 ±. 38 
25 202i + 45 ~~ 1395 + 37 26 208 + 46 1466 + 38 
27 2098 + 46 65 1384 ±. 37 
28 2214 I 47 66 1364 .t 37 
29 2235 ± 4i 67 1410 :':. 38 
30 2289 + 4 68 1351 ± 37 
31 2452 + 50 69 1324 .:t 36 
32 2590 :£ 51 70 1369 + 37 
i~ 2822 + 53 71 1304 + 36 2772 ! 53 72 1288 ± 36 
35 2775 .± 53 73 1366 .:!: 37 
36 2819 ± 53 74 1311 .:t 36 
37 2713 .:t 52 75 1326 .:!: 36 
38 2564 + 51 76 1352 1: 37 
40 
Tabl e 3. (Continued) 
Channel Total Channel Total 
number counts number counts 
12er channel ner channel 
'7? 12'12 ±. 36 120 461 ;!; 21 
78 1332 :!:. 36 121 426 + 21 
79 1330 + 36 122 429 + 21 
80 1233 .:!: 35 123 410 + 20 81 1314 .:!: 36 124 ~·36 + 21 
82 121.i-8 ± 35 125 438 + 21 ~~ 1366 :': 37 126 456 + 21 1285 + 36 12? 528 + 23 85 1289 + 36 128 647 + 25 86 - ,. 129 753 + 27 1290 + 3o 
87 12as :£ 36 130 962 ±. 31 88 1356 .± 37 131 1228 .:t 35 
89 1258 ±. 35 132 1530 ± 39 90 1258 .:1: 35 133 1892 + l~3 
91 1316 :t 36 134 2468 + 50 92 1310 ± 36 135 2899 I 54 
§e 1235 :!:. 35 136 ~475 .t 59 1296 .±. 36 137 182 .± 65 95 1309 ±. 36 138 lt-684 + 68 
96 1280 ~ 36 139 5134 .:!: 72 
97 1312 .± 36 140 5542 + 75 98 1294 ± 36 141 5860 I 77 
99 1324 :!:. 36 142 5824 + 76 
100 1333 ± 36 143 5705 :': 76 101 1295 .:t 36 144 54·33 ± 74 
1 02 1287 .t 36 145 4997 ± 71 
1 0~ 1286 .:t 36 146 4334 ±. 66 10 1281 ± 36 147 3793 + 62 105 1295 ± 36 148 3051 .:!: 55 106 1217 + 35 149 2399 + 49 
107 1179 + 34 150 1837 ! 43 
108 1052 + 32 151 1332 .:!: 36 
109 1064 :t 33 152 953 .:!: 31 
110 945 .:t 31 15~ 671 ± 26 111 913 + 30 15 1+21 + 21 
112 849 ± 29 155 272 + 16 
11~ 781 .:!: 28 156 188 ± 14 11 686 + 26 157 141 + 12 
115 622 I 2i 158 105 + 10 116 572 ! 2 159 71 + 8 
117 575 ± 24 160 86 I 9 
118 493 .± 22 161 64 + 8 
119 485 .t 22 162 46 ::t 7 
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Table 3. (Continued) 
Channel Total Channel Total 
number counts number counts 
12er channel Rer channel 
163 ;o + 7 207 12 :!: ~ 164 52 + 7 208 15 + 
165 39 I 6 209 15 + 4 166 i1 + 7 210 14 + 4 167 .7 + 7 211 19 I 4 
168 26 + 5 212 9 + 3 
169 35 + 6 21~ 16 + 4 170 38 .t 6 21 . 21 + 5 
171 35 ± 6 215 11 :!: 3 
172 ,o + 7 216 11 + 3 
173 47 + 7 217 9 + ~ 174 36 .t 6 218 15 I 
175 35 + 6 219 18 + 4 
176 33 ± 6 220 19 I 4 
177 39 + 6 221 16 + 4 
178 34 + 6 222 24 I 5 
179 34 + 6 223 21 .i t 180 4~ + 7 224 18 + 181 3 ± 6 225 16 + 4 
182 25 ± 5 226 21 + 5 
183 25 .t 5 227 1~ I 4 184 32 + 6 228 2 + 5 185 23 + 5 229 14 + 4 186 21+ + 5 230 16 + 4 
187 18 + 4 231 16 + 4 
188 24 + 4 232 19 + 4 189 15 :!: . 233 21 + 5 
190 29 :!: 5 234 18 + 4 
191 29 + 5 235 23 + 5 
192 18 + 4 236 20 + 4 
19~ 23 I 5 237 12 ± 3 19 20 + 4 238 21 + 5 
195 24 ± 5 239 13 + 4 
196 25 ± 5 240 23 ±: 5 
197 22 .::: 5 241 17 + 4 
198 21 + 5 242 17 + 4 
199 17 + 4 24a 12 .:t 3 200 15 + 4 2 ~- 5 ! 2 
201 16 + 4 245 10 j: 3 
202 20 + 4 246 11 ± 3 
20~ 19 + 4 247 11 :!:: 3 20, 18 + 4 248 6 + 2 
205 17 j: 4 249 11 + 3 
206 17 .! 4 250 15 ± t,. 
Table 3. (Continued) 
Channel 
number 
25'1 
252 
253 
Total 
counts 
per channel 
7 .:!: 3 5 + 2 
19 ± 4 
42 
Channel 
number 
254 
255 
256 
Total 
counts 
per . channel 
36 + 6 
44 + 7 
59 ]: 8 
XIII , APPENDIX e: 256-CHANNEL ANALYZER CALIBRATION 
DATA AND CURVES 
Table 4 . Gamma-ray energy---channel number cali bra ti on data 
N'uclide 
Ir-192 
Cs-137 
Co- 60 
Energy ~eak(s) 
Mev _ 
0.315 
o. 470 
0. 605 
0 •. 662 
l .,170 
1 •. 330 
Channel 
number 
50.5 
75.a 
97.0 
111 . 0 
191.7 
217 . 3 
Table 5. Calibr ation energy spectra data {u.'l'lcorrected for 
backgr ound r adiatlon) 
Channel 
mwber 
1 
2 
~ 
5 
6 
i 
9 
10 
11 
12 
13 
14 
15' 
16 
17 
18 
19 
20 
Total 
Ir-192 
397 ± 20 
7 + 3 
1208 ! 35 
697 + 26 
704 + 27 
875 + 30 
944 ± 31 
1235 .:t 3, 
766 + 28 
932 + 31 
1342 + 37 
1354 I 37 
1214 + 35 
994 + 32 
985 ± 31 
929 .± 30 
950 .t 31 
875 + 30 
954 + 31 
1014 I 32 
counts per ehannel 
Cs-132 
141+ + 12 
1054 ! 32 
6422 + 80 
18685 ±137 
1785? .±134 
11240 +106 
6454 + 80 
56fi.o I 75 
3779 ± 61 
3764 .:t 61 
4435 :t. 67 
5100 + ?l 
5272 ! 73 
5139 ±. 72 
5012 + 71 
5145 + 72 
5003 + 71 
5093 + 71 
5431 .t 74 
5387 :!: 73 
Co-60 
4990 ;t 71 
5050 ±. 71 
2127 + 46 
1656 + 41 
1609 I 4o 
1849 .:!:. 43 
2094 .:!:. 46 
2412 + 49 
1443 + 38 
1336 3;: 36 
1686 + 41 
1967 + 44, 
2055 :t 45 
2672 + 52 
3098 3: 56 
3026 :;t 55 
2826 + 53 
2489 + ,o 
3311 + 58 
2807 .!. 53 
44 
Table 5. (Continued) 
Channel Total counts ~er ~bannel 
num!2e:r Ir ... 122 Cs-13 co ... bO 
21 1047 + 32 5384 + 7~ 1773 + 42 22 1161 ± 34 5527 + 7 1769 + 42 
23 1232 ! 35 5567 + 75 1739 + 42 24 1338 ± 37 5371 I 73 1696 + 41 
25 1219 ±. 3g 5306 .± 73 1741 + 42 26 1158 ±. 3 5449 + 74 1754 + 42 
27 1116 + 33 5823 + 76 1772 + 42 28 957 I 31 6107 + 78 169lt- .:t 41 
29 930 :t 30 6440 + 80 1802 + 42 
30 979 + 31 6998 + 84 1804 + 42 31 948 + 31 7639 I 87 1854 I 43 32 852 I 29 8229 + 91 201~ .:!: 45 33 938 .:t 31 8411 + 92 207 + 46 
34 940 .:t 31 8207 .:t 91 2085 + 46 35 9¼3 .:t 31 7963 .:!: 89 2224 + 47 
36 808 + 28 7606 + 87 2377 ± 49 
37 769 ± 28 7303 + 85 2491 .± 50 
38 753 .:t 27 6705 + 82 2500 :! 50 
~& 717 .± 27 6558 + 81 2338 .:t 48 693 .:t 26 6261 .:t 79 2308 .:t 48 41 628 + 25 5919 + 77 2162 + 46 
42 676 I 26 5569 + 75 2137 .:t 46 
t~ 716 .± 27 5482 + 74 2018 + 45 931 .± 31 5254 + 73 2063 + 45 45 1211 .:!: 35 4989 + 71 1911 + 4l~ 
46 165'1 + 41 4798 + 69 1aao I 43 
47 2228 I 47 4644 + 68 1907 + 44 
48 2869 ±. 54 4606 + 68 1698 + 41 49 3498 ± 59 4626 + 68 1700 I 41 50 3846 ;t 62 4472 + 67 1783 ±. 42 51 3956 ±. 63 4306 + 66 1701 + 41 
52 3773 ± 61 4233 + 65 1674 + l+l §~ 3173 .± t6 4129 + 64 1637 + 40 2332 .± 8 4154 + 64 1665 I 41 55 1682 + lfl 3909 + 63 1572 + 40 56 983 ± 31 4017 + 63 1539 ± 39 57 652 + 26 3967 + 63 1540 + 39 58 1+41 + 21 4002 I 63 1576 + 40 59 292 + 17 3905 + 63 141+7 ±: 38 60 253 ± 16 3858 + 62 1445 + 38 61 228 + 15 3857 + 62 1496 + 39 62 224 + 15 3725 + 61 1498 I 39 
63 20.3 + 14 3775 + 61 1382 + 37 64 224 .± 15 3771 ± 61 1404 3: 37 65 217 .:t 15 3718 ;!: 61 1364 .± 37 
L,5 
Table 5. (Continued ) 
Channel Total counts ner channel 
Co-io number Ir-122 Ce-132 
66 217 ! 15 3720 .:!:. 61 1405 .!: 37 67 240 .:t 15 3838 ! 62 1368 .:!:. 37 68 273 .:!: 17 3766 ±. 61 1400 + 37 69 319 .:!:. 18 3691 .t 61 1376 I 37 70 399 .:t. 20 3713 .:!:. 61 1362 .t 37 71 464 + 22 3799 .± 62 1400 ;t 37 72 624 + 25 3793 .t 62 1371 .:!: 3? 73 783 .:!:. 28 3694 + 61 1346 .:!:. 37 74 889 ± 30 3642 ± 60 1337 .:!: 37 75 916 ±. 30 3582 ± 60 1373 + 37 76 921 .± 30 3576 .:!:. 60 1352 ± 37 77 833 + 29 3417 + 58 1358 + 37 
78 787 .t 28 3192 .:!: 56 1312 I 36 79 720 .± 27 2881 + 54 1376 !: 37 80 c'2 + 24 2606 ± ~1 1271 + 36 81 ,56 ± 21 2272 :t 8 13?2 .:t. 37 82 311 + 18 2074 + 46 1374 ;!: 37 83 208 + 14 1759 + 42 1320 .± 36 84 214 ±. 15 1493 + 39 1297 + 36 85 163 ! 13 1370 .± 37 1396 + 37 86 136 + 12 1243 .±. 35 1335 ±. 37 87 143 ;!: 12 1168 .:t. 34 1345 + 37 88 184 ! 14 1057 + 33 1316 + 36 89 159 ± 13 1010 + 32 1434 .:!: 38 90 156 + 12 917 .t 30 1322 .:!: 36 91 205 ± 14 914 .t 30 1287 .t 36 92 224 .± 15 892 .:t 30 1347 .:!: 37 93 260 .:!: 16 936 .± 31 1261 ±. 36 94 303 .± 17 968 ! 31 1348 .:t 37 95 311 .:t 18 1009 .:!:. 32 1366 .:t 37 96 344 .± 19 1121 .± 33 1347 + 37 97 320 .:!:. 18 1371 .:.!: ~7 1320 ± 36 98 330 ::t 18 1569 ± ~o 1269 + 36 99 299 .± 17 1930 ± 44 1342 I 37 100 304 ± 17 2583 .:!: 51 141+4 ± 38 101 252 .t 16 3506 + 60 1384 + 37 102 232 .± 15 4688 + 68 13?2 ! 37 103 222 ± 15 6441 + 80 1371 :!: 37 104 183 + ll+ 8288 + 91 1359 .:!: 37 105 144 .:!: 12 10805' +104 1313 .:!: 36 106 113 .± 11 13432 +116 1328 .:t 36 107 90 ± 9 16546 I129 1380 .± 37 108 89 .± 9 19030 .:!:,138 1308 ± 36 109 79 .:t 9 21422 +146 1318 + 36 110 79 ± 9 22931 +151 1364 I 37 
-
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Table 5. (Continued) 
Channel Total counts Qer channel 
Co- bO number Ir-122 Cs-132 
111 69 ± 8 23502 +153 1382 .± 37 
112 56 .:t 7 23570 .tl.54 1362 .:!: 37 
113 50 ± 7 21836 +148 1410 ± 38 114 69 + 8 19819 IJ_41 1353 .:!:: 37 115 t6 ± 7 17178 ;!:.131 1413 .± 38 116 2 + 6 1401+5 +118 1359 ± 37 
117 58 + 8 1O70:i +103 1353 .:!:: 37 
118 50 ± 7 8778 ± 94 1456 .± 38 
119 55 ±. 7 5865 t 75 1360 ±. 37 
120 53 .:t 7 3865 ! 62 13?9 .:t 37 121 53 :t 7 2518 + 5G 1363 .± 37 122 74 + 9 1638 ! 4b 1428 ± 38 123 64 + 8 939 ± 31 1451 ± 38 124 61 + 8 555 + 24 1463 ± 38 125 69 ± 8 375 ± 19 1407 .:!.: 38 126 81 + 9 257 + 16 145'2 .:t 38 
127 80 + 9 164 :f 13 1558 .:!:: 39 128 69 + 8 163 .:!: 13 1478 .:t 38 
129 75 ± 9 132 .:!: 11 1528 .:!: 39 
130 79 + 9 109 :!:. 10 1491 .:t 39 
131 71 + 8 131 ± 11 1536 .± 39 
132 70 I a 115 .± 11 1538 .± 39 
133 52 + 7 115 + 11 1608 + li,Q 
134 51 + 7 108 ± 10 1570 ± 40 
135 5'5 ± 7 101 ± 10 1585 + 40 
136 59 + 8 98 + 10 1575 + 40 
137 53·! 7 115 .± 11 1617 + 40 
138 50 + 7 91 + 10 1633 ± 40 
139 52 + 7 90 .:!: 9 1580 + 40 
140 42 + 6 108 ± 10 1588 + 40 
141 54 ± 7 103 .:!: 10 1622 + 40 
142 45 ± 7 59 + 8 1599 + 40 143 50 ± 7 68 + 8 1649 .:!: 41 144 54 ± 7 68 + 8 1672 .± 41 145 56 + 7 66 3: 8 1648 + 41 146 54 3: 7 90 + 9 1639 .:t 40 147 43 .:!: 7 61 ± 8 1618 + 40 
148 54 ± 7 77 + 9 1669 + li-l 149 33 .:!: 6 59 + 8 1641 + 41 
150 50 + 7 57 ± 8 164~ ± 41 
151 42 + 6 60 + 8 165 ± 41 
152 1+9 I 7 64 + 8 1596 ± 40 
15~ 51 + 7 43 + 7 1670 .:!: 41 15 l· 58 ± 8 51 .± 7 1526 .± 39 155 34 .± 6 '57 + 8 1560 ± 39 
-
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Table 5. (Continued) 
Channel Total counts :Qer channel 
number Ir-J:22 Cs-132 Co-60 
156 42 + 6 57 + 8 1595 + 40 
157 51 + 7 45 + 7 1551 ! 39 
158 · 39 .t 6 47 + 7 1550 + 39 
159 33 .± 6 39 + 6 ll+ao + 38 
160 41 + 6 54 .± 7 13 4 .± 37 
161 33 ± 6 50 + 7 1293 .:!: 36 
162 43 .t 7 40 + 6 1307 ± 36 
163 30 ± 5 37 .± 6 1226 ::!:. 35 
164 41 + 6 40 + 6 1121 .:!: 3~ 
165 35 ± 6 35 + 6 1167 .t 3 
166 19 ± 4 t+2 + 6 1103 .:: 33 
167 30 .:!: 5 37 + 6 1126 + 34 
168 22 + 5 36 ·± 6 1162 + 14 
169 39 + 6 36 + 6 1098 .:!: 33 
170 31 + 6 30 ! 5 1080 .t 33 
171 29 !. 5 35 + 6 1049 .:!: 32 
172 44 ± 7 38 + 6 1055' ± 32 
17~ 41 + 6 30 + 5 1119 + 33 17 · 
~l .± 6 35]: 6 1154 ! 34 175 1 + 6 28 + 5 1237 :!: 35 
176 35 ± 6 34 + 6 1257 :!: 35 
177 28 + 5 34 :t 6 1321 ! 36 
178 29 ± 5 31 + 6 1392 + 37 
179 34 + 6 34 + 6 1607 + 40 
180 40 + 6 30 + 5 1709 + >+1 
181 36 + 6 24 + 5 1822 + li-3 
182 31 I 6 32 + 6 2118 + li-6 
183 33 + 6 23 + 5 2361 .:t 49 
184 17 + 4 27 ± 5 2563 + 51 
·185 22 ·.± 5 27 + 5 2799 + 53 
186 24 + 5 33 + 6 3092 + 56 
187 23 ± 5 26 ± 5 3327 ! 58 
188 22 + 5 30 + 5 3637 + 60 
189 - 18 + 4 3926 + 63 11 .:t 3 
190 25 ± 5 24 ± 5 3882 + 62 
191 15 + 4 21 + 5 4119 + 64 
192 16 + 4 20 + 4 ~·124 + 64 
193 15 + 4 19 ± 4 4118 + 64 
194 24 ± 5 21 + 5 4037 I 63 
195 25 ± 5 1514 3894 .:t 62 
196 21 + 5 17 + 4 3640 .± 60 
197 16 + L,. 19 + 4 3183 ± 56 
198 13 + 4 20 + 4 294lt + 54 
199 14 + 4 16 + 4 2744 +'52 
200 12 + 3 24 + 5 2310 ± 48 
48 
Table 5. (Continued) 
Channel Total counts per charr..nel 
number Ir-122 Cs-132 Co-60 
201 14 + 4 
_... ____ 
2067 + 45 
202 13 + 4 ----- 1888 I 43 
203 15 I: 4 1707 .± 41 
204 11 + 3 ........ _ 1528 + 39 
205 13 + 4 1545 + 39 
206 13 + 4 1500 3: ~9 20§ 16 + 4 1602 + 0 
20 14 + 4 1713 + 41 
209 14 + 4 ---- 1918 + 44 
210 13 + 4 2079 + 46 
211 14 I 4 2~39 + 48 
212 12 + 3 ---~ 21+88 + 50 
213 18 + 4 2745 ± 52 
214 23 + 5 2873 .i 5l1-
215 13 + 4 3036 .± 55 
216 11 + 3 ---~ 3210 ±. 57 
217 15 ± 4 3200 + 57 
218 10 .± 3 
-·--
3199 ± 57 
219 11 .± 3 ---- 3119 + 56 
220 1~ .± 4 ----- 2978 + 55 
221 1 + 4 2957 + 54 
222 18 + 4 2766 + 53 
223 13 + 4 ..... ,... _ 2501 + 50 
224 17 + 4 2258 + 48 
225 26 + 5 .... -- 1899 + 44 
226 21 + 5 -~-- 1729 + '-i-2 
227 15 + 4 ------ 1461 + 38 
228 14 + 4 
----
115'0 + 34 
229 21 it ---- 1052 ! 32 
230 17 + 815 .:!:. 29 
231 15 + 4 ----- 635 + 25 
232 16 + 4· ----- 477 + 22 
233 16 + 4 427 + 21 
234 13 + 1.i- 327 ± 18 
235 19 + 4 
-----
270 + 16 
236 17 + 4 213 + 15 
237 7 + 3 210 + 14 
238 8+ ---- 156 .:!: 12 
239 17 + ~ 
------
132 + 11 
240 11 + 3 137 :!: 12 
241 9 .::!:: 3 
----
115 .± 11 
242 9 .::!:: 3 110 .:!: 10 
243 122 + 11 
244 ---... ---- 116 I 11 
Table 5. (Continued ) 
Channel 
number . 
245 
246 
21.i-7 
248 
249 
250 
2 51 
252 
253 
254 
255 
256 
49 
Total counts per channel 
I r -192 Cs-1~7 Co-6◊-
... .,,.,.._ 
...... _ 
.,.._,._ 
-.. -.. 
-----
---·-• 
--.~-
-----
------
.. .,. ... _ 
----
....... -
111 + 11 
125 I 11 
103 + 10 
12, + 11 
108 + 10 
124 I 11 
121 + 11 
87 + 9 
111 I 11 
121 + 11 
139 ±. 12 
124 ±. 11 __________________________ ,.. 
